Fibulin 5 is a 52-kDa calcium-binding epidermal growth factor (cbEGF)-rich extracellular matrix protein that is essential for the formation of elastic tissues. Missense mutations in fibulin 5 cause the elastin disorder cutis laxa and have been associated with age-related macular degeneration, a leading cause of blindness. We investigated the structure, hydrodynamics, and oligomerization of fibulin 5 using small angle x-ray scattering, EM, light scattering, circular dichroism, and sedimentation. Compact structures for the monomer were determined by small angle x-ray scattering and EM, and are supported by close agreement between the theoretical sedimentation of the structures and the experimental sedimentation of the monomer in solution. EM showed that monomers associate around a central cavity to form a dimer. Light scattering and equilibrium sedimentation demonstrated that the equilibrium between the monomer and the dimer is dependent upon NaCl and Ca 2؉ concentrations and that the dimer is dominant under physiological conditions. The dimerization of fragments containing just the cbEGF domains suggests that intermolecular interactions between cbEGFs cause dimerization of fibulin 5. It is possible that fibulin 5 functions as a dimer during elastinogenesis or that dimerization may provide a method for limiting interactions with binding partners such as tropoelastin.
Fibulins are a family of seven extracellular matrix glycoproteins, some of which associate with elastic fibers and basement membranes (1, 2) . They are involved in the assembly, organization, and stabilization of macromolecular complexes (3) . Fibulins contain arrays of cbEGF 2 -like domains and a fibulin-type C-terminal (Fc) module (4) . Fibulins 3-5 have a modified N-terminal cbEGF domain, followed by five cbEGF domains (4) .
Fibulin 5 (supplemental Fig. S1 ) is highly expressed in developing arteries with a low expression in adult vessels that is up-regulated following vascular injury and in atherosclerosis (5, 6) . Expression has been detected in other elastin-rich tissues, including aorta, skin, uterus, lung, heart, ovary, and colon (5, 6) . The extensibility of such tissues is provided by elastic fibers (7) , and aging is associated with a loss of elasticity (8) . Fibulin 5 is essential for elastinogenesis. The fibulin 5 knock-out mouse exhibits disorganized elastic fibers resulting in severe elastinopathies, with loose skin, vascular abnormalities, and emphysematous lungs. Similar changes are seen in an aged phenotype (9, 10) . Mutations in fibulin 5 lead to the elastin disorder cutis laxa (11) (12) (13) and have been associated with age-related macular degeneration (14, 15) .
It has been shown that fibulin 5 binds elastic fibers (16) and interacts with tropoelastin (10), fibrillin 1 (17) , lysyl oxidaselike protein 1 (18) , -2, and -4 (19) , latent transforming growth factor-␤-binding protein 2 (19) , emilin 1 (20) , apolipoprotein (a) (21) , and superoxide dismutase (22) . Through an RGD motif fibulin 5 interacts with integrins (6, 9, 23) .
The assembly of elastic fibers is a complex hierarchical process. A model proposes that fibulin 5 associates with microfibrils via interactions with fibrillin 1; tropoelastin molecules bind fibulin 5 and coacervate, and lysyl oxidase-like protein 1 enzymes cross-link tropoelastin to form mature elastin (7, 16) . Data that support this model indicate that fibulin 5 potentially increases the coacervation of tropoelastin, enhancing elastic fiber formation (24) . However, other data suggest that fibulin 5 slows the maturation of elastin assemblies (25) .
Rotary-shadowing EM has suggested that fibulin 5 exists as a short rod with a globular domain at one end (26) . We used sizeexclusion column multiangle laser light scattering (SEC-MALLS), small angle x-ray scattering (SAXS), EM single particle analysis, analytical ultracentrifugation (AUC), CD, and isoelectric focusing to investigate the structures of fibulin 5 in monomeric and dimeric form, and the equilibrium between the two forms.
EXPERIMENTAL PROCEDURES

Molecular Biology
The synthesis of the pCEP-His construct encoding full-length fibulin 5 was described previously (17) . cDNAs encoding fragments of fibulin 5 and incorporating 5Ј XhoI and 3Ј NaeI restriction sites were obtained by PCR using the primers listed (supplemental Fig. S2 ). The restriction sites enabled directional in-frame subcloning of the cDNAs at the 3Ј end of the 6-histidine tag coding sequence in the pCEP-His vector. Correct in-frame transition and coding was confirmed by in-house DNA sequencing.
Purification of Recombinant Fibulin 5
Recombinant proteins were expressed by EBNA 293 cells stably transfected with pCEP-His constructs (17, 23) and secreted into serum-free medium (SAFC Biosciences). The polypeptides were purified by Ni 2ϩ -affinity chromatography and applied to a Superdex 200 SEC (GE Healthcare). The following SEC buffers were used: buffer A, 50 mM Tris, pH 7.4, 0.5 M NaCl, 50 mM arginine, 50 mM glutamate (27) , 5 mM EDTA, 5 mM EGTA; buffer B, 10 mM Tris, pH 7.4, 0.5 M NaCl, 2 mM EDTA, 2 mM EGTA; buffer C, 10 mM Tris, pH 7.4, 0.5 M NaCl; and buffer D, 10 mM Tris, pH 7.4, 0.5 M NaCl, 2 mM CaCl 2 .
MALLS
The SEC eluate passed through an EOS 18-angle light scattering detector equipped with a 688 nm laser to determine masses, a quasi-elastic light scattering detector to determine hydrodynamic radii, and an r-EX refractometer to determine protein concentrations (all from Wyatt Technology Corp.).
EM Structures of Full-length Fibulin 5
EM structures were determined for monomeric fibulin 5 in the absence of Ca 2 , and dimeric fibulin 5 in the presence of Ca 2ϩ .
Grid Preparation-Carbon-coated 400-mesh copper grids underwent glow-discharge (EMITECH, mode K100X, 25 mA for 30 s) prior to the adsorption of fibulin 5 samples. The grids were negatively stained with 10 l of 4% (w/v) uranyl acetate for 30 s and lightly blotted.
Microscopy-Images were obtained using a Tecnai 12 (120 keV) microscope (Philips) with a LaB6 filament. Images were recorded at 52,000 magnification by a CCD camera (Tietz Video and Image Processing Systems TemCam, resolution 2000 ϫ 2000) using low electron doses (Ͻ10 e/Å 2 ) at the defocus value 2 m. The final image pixel size was 1.9 Å.
Image Processing and Three-dimensional Reconstruction-The analysis of 6266 and 3052 single particles of size 19 and 22.8 nm 2 for the monomer and dimer, respectively, was performed using EMAN (28), Imagic 5 (29) , and SPIDER software (30) . Particles were aligned reference-free, and images were assigned to 120 and 80 classes that represented distinct views of the monomer and dimer, respectively. Preliminary three-dimensional structures were calculated by averaging the images in a class, using a Fourier common lines routine to determine the relative orientation of the classes, and then combining the classes. Assuming only c 1 symmetry, the structures were refined iteratively with 8 cycles of projection matching, and the convergence of the Fourier shell correlation coefficient was monitored. Application of the Fourier shell correlation coefficient ϭ 0.5 criterion gave three-dimensional volume resolutions of 17 and 22 Å for the monomer and dimer, respectively.
SAXS Structure of Monomeric Full-length Fibulin 5
SAXS data were collected for fibulin 5 in the absence of Ca 2ϩ (buffer A) on beamline X33 at the Deutsches Elektronen-Synchrotron (DESY, Hamburg, Germany) (31) using a 120-s exposure time and a 2.4-m sample detector distance to cover a momentum transfer interval 0.01 Å Ϫ1 Ͻ q Ͻ 0.5 Å Ϫ1 (where q ϭ 4sin/, where 2 is the angle between the incident and scattered radiation). Buffer scattering intensities were subtracted from the sample scattering data. R g and D max values were evaluated with the indirect Fourier transform program Gnom (32) . Particle shapes were restored ab initio based on the simulated annealing algorithm using Gasbor (33) : Twenty runs generated similar shapes that were combined and filtered to produce an average model using the Damaver (34) software.
CD
Buffer-corrected CD spectra were measured between 190 and 260 nm by a J-810 spectropolarimeter (Jasco) using a 0.05-cm path length and an average of 10 scans. Spectra were deconvoluted by the Dichroweb (35) on-line server running the CDSSTR software (36) with reference set 7.
AUC of Full-length Fibulin 5
The Sednterp (37) software calculated buffer densities and viscosities, a mass of 49,779 Da, standard partial specific volume (PSV) of 0.7085 ml/g, and hydration of 0.3802 g (H 2 O)/g (protein) for the recombinant fibulin 5 amino acid sequence. The MALLSderived mass of 51,620 Da for the glycosylated fibulin 5 polypeptide and the estimate of 0.6170 ml/g for the PSV of carbohydrate (38) were used to calculate the estimate 0.7052 ml/g for the PSV for the glycosylated fibulin 5 polypeptide that was used in subsequent Sednterp (37) calculations. Sedimentation experiments were performed in an Optima XL-A analytical ultracentrifuge (Beckman Coulter) equipped with an absorbance optical system.
Sedimentation Velocity-Sample and buffer were centrifuged in a two-sector centerpiece in an An-60 Ti 4-hole rotor at 45,000 rpm at 20°C. The sedimentation was monitored at 230 nm by 150 scans across a 1.4-cm radius with a step size of 0.003 cm. Sedfit (39) performed Lamm equation boundary modeling to calculate size c(s) and mass c(M) distributions. Sednterp (37) used S values for c(s) maxima to calculate standard sedimentation coefficient s 20,w values and hydrodynamic radii R H values.
Sedimentation Equilibrium-Sedimentation equilibrium experiments determined the [NaCl] dependence of the AM/MM ratio and the dimer dissociation constant K d in the absence of Ca 2ϩ and the [Ca 2ϩ ] dependence of AM/MM and K d for fibulin 5 in 150 mM NaCl. Each six-sector centerpiece contained solutions with only one cation concentration combination but three protein concentrations at 0.4, 2.4, and 2.5 M corresponding to absorbances at 230 nm of ϳ 0.5, 1, and 2, respectively; protein-free reference solutions of the same cation composition occupied the remaining three spaces in each centerpiece. The centerpieces were centrifuged in an An-50 Ti 8-hole rotor at 4°C at sequential speeds 8000, 15,000, and 20,000 rpm. At each speed, 14 h allowed the sedimentation to reach equilibrium before data were collected. Twenty replicate scans with the maximum radial resolution of 0.001 cm were acquired at wavelengths 230, 235, and 280 nm. Global data analysis was performed by the Sedphat software (40) .
RESULTS
Purification and Glycosylation of Fibulin 5 Polypeptides-Full-length fibulin 5 (residues 27-448), and the fragments of Fibulin 5 Forms a Compact Dimer fibulin 5 that included residues 26 -333 (cbEGF-like domains 1-6), 120 -333 and 127-333 (cbEGFs 2-6), 127-287 (cbEGFs 2-5), and 342-448 (the Fc domain) were purified from media to homogeneity by Ni 2ϩ -affinity chromatography. The purified polypeptides were applied to SDS-PAGE followed by staining with Coomassie Blue (supplemental Fig. S3A ). Amounts of the fragment comprising residues 342-448 were insufficient to be detected by Coomassie staining of acrylamide gels following Ni 2ϩ -affinity purification and were later shown to elute at the void of the SEC in buffer C, suggesting aggregation (supplemental Fig.  S3D ). This fragment was not investigated further.
Fibulin 5 contains two potential N-linked glycosylation sites at residues 283 and 296 in cbEGF 5 and cbEGF 6, respectively. The glycosylation of recombinant fibulins has been demonstrated previously (26) . A Western blot following treatment with (ϩ) or without (Ϫ) N-glycosidase (supplemental Fig.  S3B ) showed that the EBNA 293 cells glycosylated the full-length polypeptide and fragments 26 -333 and 120 -333. The MALLS-derived masses for all polypeptides that contained one or more glycosylation sites were larger than those calculated by Sednterp (37) from the primary amino acid sequences ( Table 1 and supplemental Fig. S4 ).
Folding-CD spectra were measured for the cbEGF-containing fragments in buffer C and for full-length fibulin 5 in three buffers (B-D) to determine the Ca 2ϩ dependence of folding. The CD spectra ( Fig. 1A and supplemental Fig. S5A) show that all of the polypeptides are folded in all of the buffers and display minima at ϳ 205 nm between characteristic minima at 198 nm for unordered structure and at 216 nm for ␤-strand (41) . Deconvolution of the spectra by CDSSTR software (36) provided estimates of secondary structure content (supplemental Fig. S6 ) that ranked unordered Ͼ strand Ͼ turn Ͼ helix. The high unordered contents may reflect that cbEGFs are small, tightly folded domains locked by internal disulfide bonds without extended regions of "conventional" secondary structures. A Student's t test (4 FIGURE 1. CD, SEC-MALLS, and velocity sedimentation for full-length fibulin 5. A, mean CD spectra for three batches of fibulin 5 purified by SEC in each buffer. B and C, chromatograms show the dependence of the differential refractive index (DRI) upon [NaCl] and [Ca 2ϩ ]. The DRI was normalized to 1.0 for each peak maximum; the column void positions were co-registered at 8 ml. B, first applications of fibulin 5 to the SEC. C, selected fractions were reapplied to SEC-MALLS to determine molar masses. D, sedimentation of SEC-purified fractions of fibulin 5 in the absence (red line, monomer) and presence (black line, mainly dimer) of Ca 2ϩ . c(s) size distributions were calculated by Sedfit (39) .
TABLE 1
Hydrodynamic parameters for full-length fibulin 5 monomers, dimers, and HOOs were determined from the analysis of solution (sol)(MALLS, AUC, and SAXS) and EM data as indicated D max is the maximum dimension. The means and standard errors shown were calculated from results for three batches of protein.
Ca 2؉
Fibulin 5 degrees of freedom, p Ͻ 0.05) showed the fits (indicated by normalized root mean square deviation (35)) of the CD spectra for full-length fibulin 5 were worse when Ca 2ϩ was present. This may reflect the Ca 2ϩ -induced "setting" of the cbEGFs into a more rigid structure with less well modeled secondary structure. However, statistically significant differences in secondary structure contents for full-length fibulin 5 in different buffers were not detected. Ca 2ϩ -dependent Oligomerization-The full-length fibulin 5 polypeptide was analyzed by size-exclusion chromatography in four different buffers (Fig. 1B) . In the absence of Ca 2ϩ there was a peak at 14 ml and a second peak at the void volume (8 ml) that was assumed to be aggregate. The presence of 2 mM Ca 2ϩ caused a left shift of the main peak to 13 ml, the appearance of a continuum, and a second maximum at 10 ml. Increasing the salt concentration to 500 mM decreased the amount of aggregate in the void volume, and so 500 mM salt buffers were used for subsequent MALLS, CD, and sedimentation velocity experiments. Chromatograms (Fig. 1C) show the reapplication of selected SEC fractions to the SEC equilibrated in the same buffer so that molar masses could be determined from the MALLS data in the absence of base-line interference from the column-void peak. In the absence of Ca 2ϩ (buffer B), the reapplication to the SEC of the elution fraction 14 -14.5 ml (red line, Fig. 1B ) produced a single peak centered at 14.4 ml (red line, Fig. 1C ) due entirely to monomeric fibulin 5, as shown by the flat trace of calculated masses (red crosses , Fig. 1C ). The mean of average masses determined for three batches of monomer 51.6 Ϯ 0.4 kDa enabled the calculation of a modified PSV (38) for the glycosylated fulllength polypeptide that was used in the AUC analyses. In the presence of Ca 2ϩ (buffer D), the reapplication to the SEC of the elution fraction 13-13.5 ml (black line, Fig. 1B ) gave a broader peak centered at 13.7 ml that contained both monomeric and dimeric forms (black line , Fig. 1C ). The SEC fraction 13-13.5 ml containing mainly the dimeric form was run on SDS-PAGE under both reducing and nonreducing conditions, and a Western blot (supplemental Fig. S3C ) showed that dimerization is not mediated by intermolecular disulfide bonds. This suggests, as expected, that all cysteines are involved in intramolecular disulfide bonds that stabilize a correctly folded structure. Also in the presence of Ca 2ϩ (buffer D), the reapplication to the SEC of the elution fraction 10 -10.5 ml (black line, Fig. 1B ) gave a peak centered at 10.5 ml (black line, Fig. 1C ) with the estimated mass range 200 -1000 kDa. This peak includes higher order oligomers (HOOs) estimated to range from a tetramer to a 20-mer.
Selected fractions collected during the first SEC runs in the presence (buffer D) and absence (buffer B) of Ca 2ϩ underwent velocity sedimentation, and (mass-independent) frictional ratios (f/f 0 ) ( Table 1 ) and hence c(s) distributions (Fig. 1D) were calculated by Sedfit (39) . In the absence of Ca 2ϩ , the c(s) had a maximum at 3.36 S that was assigned as monomer. In the presence of Ca 2ϩ , the c(s) was dominated by a maximum at 5.2 S that was assigned as a dimer, although small amounts of monomer and possibly trimer were also visible. Sednterp (37) used the MALLS-derived masses and the S values for c(s) maxima to calculate f/f 0 , s 20,w , and R H values ( Table 1) . For the monomer in the absence of Ca 2ϩ , agreement between the mass-dependent f/f 0 calculated by Sednterp (37) and the mass-independent f/f 0 calculated by Sedfit (39) provided confidence that both the MALLS-derived mass and the c(s) peak assignment are correct. Statistically significant differences between s 20,w and R H values for the monomer in the presence and absence of Ca 2ϩ were not detected. This suggests that any shape change is subtle.
The SEC fraction 10 -10.5 ml (black line, Fig. 1B ) containing fibulin 5 HOOs in the presence of Ca 2ϩ (buffer D) was subjected to velocity sedimentation, and Sedfit (39) calculated the c(s,*) distribution, which is independent of both masses and f/f 0 values, and floated the f/f 0 to obtain the c(s) distribution, which follows closely the c(s,*) distribution (supplemental Fig. S7A ). It is intriguing that the f/f 0 , a weighted average for the HOOs, is similar to those measured for the monomer (Table 1 ). This suggests that the shapes of the HOOs are not linear. Sedfit (39) converted the c(s) distribution into the c(M) distribution for the HOOs (supplemental Fig. S7B ). The c(M) cut-off at ϳ1000 kDa is consistent with the MALLS cut-off (Table 1) .
Chromatograms (supplemental Fig. S5B ) for first applications to the SEC equilibrated in buffer C show the oligomerization of fragments that contain only cbEGF domains. MALLS-derived masses for the fragment that includes residues 120 -333 show that the peak at 14.9 ml is because of monomers, and the peak at 13.5 ml is because of dimers (supplemental Fig. S5C ).
Sedimentation equilibrium experiments determined the dependence of the equilibrium between the monomer and the dimer upon [NaCl] and [Ca 2ϩ ]. In the absence of calcium, increasing the [NaCl] to 150 mM produced an exponential growth of AM/MM, accompanied by an exponential decay in K d ( Fig. 2A and supplemental Fig. S8 ). An explanation is that salt overcomes the electrostatic repulsion between monomers. The isoelectric point of 4.73 measured for glycosylated fulllength fibulin 5 (supplemental Fig. S9 ) agrees with the value 4.89 predicted for the primary amino acid sequence by SEPTEMBER 18, 2009 • VOLUME 284 • NUMBER 38
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Sednterp (37) , which also predicts that each monomer has a charge of Ϫ28.7 at pH 7.3. Increasing the salt concentration further to 500 mM reduced the proportion of dimer, as is shown by Fig. 1C , where the peak at 14.5 ml is composed entirely of monomer. The equilibrium at 150 mM NaCl was shifted further toward the dimer on the addition of Ca 2ϩ (Fig. 2B and supplemental Fig. S8 ).
EM Structures for Monomeric and Dimeric Full-length Fibulin 5-Negatively stained images were obtained for monomeric fibulin 5 in the absence of Ca 2ϩ and dimeric fibulin 5 in the presence of Ca 2ϩ , and three-dimensional reconstructions were calculated. The Hydromic (42) software determined thresholds for which the calculated theoretical standard hydrodynamic parameters of the EM structures matched those parameters determined by sedimentation velocity experiments (Table 1) . Fig. 3B displays projections of the EM structures with the Hydromic-derived thresholds.
SAXS Solution Structure of Monomeric Full-length Fibulin 5-X-ray scattering measurements were made on a solution of monomeric fibulin 5 in the absence of Ca 2ϩ . Aggregation was ruled out because the Guinier plot (supplemental Fig. S10B ) was linear. The radius of gyration (R g ) was 4.20 Ϯ 0.04 nm. The structure of fibulin 5 was determined ab initio by sequential application of the Gnom (32) and Gasbor (33) programs that provided good and coincident fits of the raw scattering data (supplemental Fig. S10A ). Twenty separate simulations of Gasbor (33) were run, and the average three-dimensional structure (Fig. 3C ) was calculated using the Damaver software (34) . Theoretical sedimentation of this structure by Hydropro (43) gave an s 20,w and an R H that agreed with values derived from velocity sedimentation experiments (Table 1) .
DISCUSSION
Fibulin 5 is a Ca 2ϩ -binding protein of critical importance in the assembly of elastic fibers, and mutations in the fibulin gene cause cutis laxa (11) (12) (13) and have been implicated in age-related macular degeneration (14, 15) . There are no high resolution structures for any of the fibulins, so knowledge of their structures is confined to comparisons with cbEGF-like domains for which high resolution structures exist (44) . In the nonphysiological absence of Ca 2ϩ , our compact SAXS and EM structures for monomeric fibulin 5 agree with but improve upon previous lower resolution EM images (26) . The appearance of the hole in the SAXS structure (Fig. 3C ) might be explained if the Fc module folds back along a linear series of cbEGF repeats. Our EM structure of dimeric fibulin 5 in the presence of Ca 2ϩ suggests a head-to-tail arrangement of monomers. The dimerization of fragments that contain just the cbEGF domains suggest that intermolecular cbEGF interactions cause dimerization of full-length fibulin 5. It is likely that Ca 2ϩ mediates these interactions. It has previously been shown that Ca 2ϩ mediates contacts between identical human clotting factor IX cbEGFs in a crystal (45) .
Fibulin 5 operates in the normal extracellular [Ca 2ϩ ] range 1.0 -1.25 mM and in 135-145 mM NaCl (46) . We found that the fibulin 5 dimer concentration is dominant in physiological solutions and is buffered strongly by NaCl and Ca 2ϩ against changes in extracellular cation concentrations. A minimum dimer-dissociation constant of 0.86 M was reached in a 150 mM NaCl solution on the addition of only 0.5 mM Ca 2ϩ . The sensitivity of dimerization to Ca 2ϩ , the presence of 0.6 mM Ca 2ϩ in the media, and the acquisition of primarily monomeric fibulin 5 from Ni 2ϩ -affinity and size-exclusion chromatographies performed in the absence of both Ca 2ϩ and chelators (data not shown) suggest that dimers can dissociate. This is consistent with the picture of dynamic exchange between monomer and dimer populations drawn by the sedimentation data. Dissociation may explain why the maximum fraction of dimer is 0.7 rather than unity (supplemental Fig. S8 ), but it does not explain why it is independent of Ca 2ϩ concentrations above 0.5 mM. The presence of low masses in the c(M) distribution (supplemental Fig. S7B ) suggests that higher order oligomers can also dissociate.
To date we have failed to crystallize fibulin 5, and this may be due to its flexibility and the [NaCl] and [Ca 2ϩ ] dependence of oligomerization. Except by size-exclusion chromatography, it is difficult to obtain a homogeneous preparation of one oligomeric form, and the salts contained in many crystallization conditions may only increase heterogeneity. Binding calcium protects some cbEGF-rich proteins against proteolytic degradation (47) . For fibulin 5, any such effect could be augmented by dimerization reducing access to proteolytic cleavage sites.
The elastogenesis functions of fibulin 5 may be affected by its oligomerization. It is possible that the monomer or the dimer or both are "active" with regard to a function, but dimerization may provide a method for limiting interactions with binding partners. Binding studies should be reinterpreted in the light of equilibrium results presented here. For example, enhancement of the binding of fibulin 5 to tropoelastin by Ca 2ϩ (10, 24) could result directly from Ca 2ϩ -mediated binding or indirectly from Ca 2ϩ -mediated conformational change or dimerization of fibulin 5. The experimental conditions (high salt in the absence of Ca 2ϩ ) in the work of Cirulis et al. (25) suggest that monomeric (42) for the reconstructions with experimentally measured parameters (Table 1) . C, a "most probable" SAXS model for fibulin 5 is shown as touching spheres in orthogonal orientations.
fibulin 5 is responsible for elastin polypeptide self-assembly maturation slowing activity. It will be interesting to see how the Ca 2ϩ -bound dimer affects the maturation of elastin assemblies.
